ABSTRACT The production-distribution rescheduling problem aims at coordinating separate plans made by producers and distributors to eliminate the effect of unexpected disruptions in practice. In this paper, we propose a rescheduling model that considers unexpected disruptions. Meanwhile, a conflict resolution strategy is also considered in the model since conflicts commonly exist among the respective plans made by producers and distributors. In the model, two aspects are considered. On one hand, we try to minimize the operation cost and penalty cost associated with the conflict resolution strategy. On the other hand, we expect to minimize the difference between the original plans and the rescheduled ones. A genetic algorithm (GA) is developed to solve this problem. A case study based on the largest integrated coal enterprise in China shows that once a certain unexpected disruption occurs, the most effective approach is to adjust the plans that consist of the output, transportation volume, and sales volume, which has strong relationships with the disruption. If the scale of the disruption is not excessive, the suggested model can neutralize the influence of the variation.
I. INTRODUCTION
The scheduling problem in an integrated supply chain aims at determining a preoperational plan for a set of producers, carriers and distributors. In practice, a scheduled plan may become infeasible simply due to unexpected disruptions occurring in any part of the supply chain, e.g., market fluctuations, bad weather, vehicle breakdowns, policy factors, etc. To address these disruptions, one key factor considered in the rescheduling process is a real-time plan adjustment. Rescheduling plans can properly and flexibly mitigate the side effects of unexpected disruptions.
This research is motivated by the challenge encountered in the daily plan management work in an integrated energy enterprise. At present, it is the world's largest coal energy
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company, which has multiple coal production branches, private railway companies, self-owned ports and power plants (Fig. 1) . The group company operates daily, monthly and yearly plans to manage coal mines, private railways, several ports and power plants. In practice, its multiple coal mines act as producers, and private ports and power plants act as distributors. At the beginning of the planning, producers or distributors must submit their respective plans to the command center of the group's headquarters. Due to the business separation of each branch, conflicts are very common and not easily overcome on their own. For example, in February 2012, reports showed that nearly 40% of distribution demands did not match with the output. Moreover, in a mathematic model, conflicts may appear as illogical constraints, indicating there are no feasible solutions. To obtain the optimal global plans, conflicts must be weakened or eliminated. Therefore, the first key factor considered in our rescheduling process is the conflict resolution strategy to achieve a balance between the respective plans. During this process, the implementation effect measure of the conflict resolution approach is particularly critical. We should note that producers and distributors are not satisfied with large changes between the submitted plans and those that are determined after conflict resolution. Thus, we need to take this factor into account in the model with a quantified method.
Large scales of production, transportation and mass information are no longer suitably processed manually. Time and manpower consumption will be a major constraint. According to the February 2016 business report, there are 50 coal production nodes, 22 types of coal, 13 sale regions, 3 customer categories, and 9 transport capacity constraints. Therefore, the matrix scale of the mathematical programming problem without special constraints is 3394 × 5002. Among them, there are 3394 variables in the model including slack variables, and 5002 constraints including business constraints and nonnegative constraints. Therefore, finding a more reasonable and scientific way to address plan management is necessary. Based on this, we have developed an optimization system to assist managers in making decisions (Fig. 2) . It is worth noting that once the plan is issued, difficulties arise in the existing system to guide the production and distribution branches to flexibly and effectively adapt to the unexpected disruptions, which makes it difficult to ensure the accuracy and enforceability of the plan. Therefore, the other key factorconsidered in our rescheduling process is a dynamic correction mechanism. When unexpected disruptions occur, the rescheduling process needs to be activated. A measure that describes the difference between two plans (DBP) is employed in the model. We expect to minimize the difference between the original plans and the rescheduled ones.
The practical importance of the rescheduling process and adjusting method are shown in Fig. 3 (see section III for symbol descriptions). Case A is a scheduled plan. The top decision maker needs to coordinate the production plans and distribution plans made by producers and distributors, respectively, to eliminate the conflict between them and find an optimal plan. Case A can realize the maximum profit. When an unexpected variation occurs in the scheduled distribution plan (case B), it fails to achieve the maximum profit in this case. Therefore, the rescheduling process should be executed. Regarding case B, three measures may be taken to realize the system optimization target successfully. (1) Raise production if the retained profit is positive, (2) keep the original plans if the retained profit is negative and (3) reduce other distribution plans if the retained profit is negative. In this paper, we consider comprehensive strategies to reschedule the plans to achieve the system optimization target. 
II. RELATED STUDIES
A growing body of studies are known using the name of integrated production-distribution planning or scheduling, such as Pundoor and Chen [1] , Li and Li [2] , Pornsing et al. [3] , Zhong and Jiang [4] , Russell et al. [5] , Kishimoto et al. [6] , and Ma et al. [7] . Chen [8] summarized the existing integrated production and distribution scheduling models. These models aim to optimize production and delivery scheduling jointly by taking into account the relevant fleet size, trucks' routes, job processing or batching, e.g., Cheng et al. [9] , Devapriya et al. [10] , and Noroozi et al. [12] . There are no related studies in the literature on the trade-off of how to adjust the respective plans between the production branch and distribution branch, which aims to minimize the total global cost from the view of the core firm. For example, in the literature [7] , the trade-off between the total global cost and the costs in the respective branches is focused on which plants and warehouses to open to serve customers. Sawik [12] presented a programming approach to joint supply, production and distribution operations. The key decision making is whether under different disruption scenarios, a customer order is scheduled for a certain period but not a specific quantity.
In a more recent work on the integration problem in the supply chain, one key issue in the current research area is to coordinate the production-distribution plan [13] . A production-distribution plan integrates the decisions on production, distribution, and warehousing as well as inventory management [14] . The related works include two opposing objectives that originate from different branches in the supply chain, such as a reduction in the total cost and an increase in the service level. For example, in [7] there are two subjects, which are the core firm and the production and distribution branch managers. In the study, a decision between the total global cost and the costs in the respective branches was made regarding which plants and warehouses to open to serve customers. Tian et al. [15] considered the influence of stochastic consumer demand in coordinating the productiondistribution plan problem in a multitier supply chain network from suppliers to end consumers. Fu et al. [16] studied an integrated production and outbound distribution scheduling model with one manufacturer and one customer. Each job has a release date and a delivery deadline. A feasible integrated production and distribution schedule is made with different approaches to how a job can be produced and delivered. Ng and Lu [17] considered the on-line integrated production and outbound distribution scheduling problem to minimize the maximum delivery completion time. Chandra et al. [18] adopted a mathematical optimization method to minimize the maximum scheduling cost based on a single machine scheduling problem. Chen et al. [19] analyzed the pricing and effort decisions of a supply chain with a single manufacturer and single retailer. However, integrated production and distribution scheduling models mainly focus on deterministic and static management. Rescheduling models in supply chain management focus on mitigating side effects caused by unexpected disruptions and recovering optimization again [20] - [22] . However, they are implemented without the integrated operations between the upstream and downstream of the supply chain, which are mostly considered separately, e.g., production rescheduling considering job unavailability and rejection, machine equipment availability, dynamic and unexpected disruptions [22] - [26] . For example, Liu et al. [27] summarized the representative optimization models according to rescheduling scenarios, performance measures and trade-off between objectives. Some related successful applications in various industrial backgrounds were reviewed. The objective of the rescheduling model proposed by Liu and Ro [28] is measured as the maximum time deviation, for any given job, between the original and new schedules. Other typical studies focused on the rescheduling problem, aiming to repair a production plan, such as Li et al. [29] , Dong and Jang [30] , Li [25] , Salido et al. [31] , and Li et al. [32] . There are also some reported studies on the delivery branch. Since rail transportation runs under a fixed timetable, unexpected disruptions may cause considerable trouble for it [33] , [34] .
In this paper, we construct an integrated rescheduling model based on production, transportation and distribution. A set of cargos with a various types are completed by multiple producers and matched to different distributors though the best routing lines. Two aspects are considered in the model objective function. In one aspect, we try to minimize the operation cost and penalty cost associated with the conflict resolution strategy. In the other, we expect to minimize the difference between the original plans and the rescheduled ones.
III. RESCHEDULING MODEL
The rescheduling model has two main steps, as shown in Fig. 4 . One is the plan scheduling step, which considers market demand, production capacity constraints, transportation equipment constraints, etc. An optimized operational plan is produced in this stage. The other is the rescheduling step, which is based on the scheduled plan and addresses unexpected incidents. The rescheduling step not only adjusts the partial plans that have the direct relationship with the change point in the system but also judges whether other related plans should be adjusted. 
A. BASIC ASSUMPTIONS
In this section, several assumptions made throughout the paper for simplicity are explained.
Assumption 1: Scheduled cycle 1 day. On one hand, a shorter period of time may lead to a large fluctuation. On the other hand, the scheduled cycle must be larger than the railway vehicle turnover cycle. With a month or a longer time, the model can be more reasonable.
Assumption 2: The problem in this paper is considered from the strategy level, and the train dispatching problem studied from the operating level is not involved in this model. VOLUME 7, 2019 
B. SYMBOL NOTATION
To realize the objective, the manager needs to make the following decisions: (i) determine the best production plan, (ii) find the best route line, (iii) and optimize the distribution plan. Some symbolic notations used in the rescheduling model are defined as follows. x ijmln : the optimal amount of mth product from producer i to distributor j with nth class using route l;
C. MODEL CONSTRAINTS
Two types of constraints are distinguished in the model, which are hard constraints and soft constraints. The former ensures the feasibility of the rescheduling plans, and the latter indicates the quality of the results associated with the conflict resolution strategy.
1) HARD CONSTRAINTS
For any segment k ∈ K, constraint (1) ensures that all the quantities shipped out of the producer i to the distributor j using the segment k must not exceed the railway segment capacity. It should be restricted within a certain maximum value.
There are upper and lower bounds on the product for each producer. Constraint (2) ensures that the producer i should not produce so little that the output is larger than the minimum value and should not produce so much that the output is less than the maximum value. Thus, we obtain the following equation:
where
The total output of producer i can be calculated by formula (4), and should be restricted within the minimum and maximum values.
The demand of any distributor is not an infinite amount, and each distributor has a maximum value. Therefore, we obtain Eq. (5) for any j class n, and type m:
The total demand of j for class n can be calculated by Eq. (8) , and x jn should be restricted within the minimum and maximum values as shown in Eq. (7).
0 ≤ x jn ≤ T jn ∀j, n (7)
An operation plan created by the hard constraints above is a feasible result but not an optimal one. For business and service concerns, several soft constraints are considered to make the plan more realistic and harmonious in the real world.
2) SOFT CONSTRAINTS WITH THE CONFLICT RESOLUTION STRATEGY
For any producer i, type m, Eq. (9) and Eq. (10) show that the separate production plans are in the range of the upper bound and lower bound. In practice, the upper and lower bounds are equal in general.
To eliminate the conflict among the separate production plans made by the producers, we reformulate Eq. (9) and Eq. (10). Several slack variables are embedded into Eq. (9) and Eq. (10). Slack variables ensure that the model can find a feasible solution even if the constraints conflict.
0
For any distributor j, type m and class n, Eq. (15) and Eq. (16) show the separate distribution plans are in the range of the upper bound and lower bound.
To handle the conflict among the separate distribution plans, we reformulate the constraints. Several slack variables are also embedded into Eq. (15) and Eq. (16):
D. SCHEDULING AND RESCHEDULING OBJECTIVE
In the model, the economic indicators include income and a variety of operating costs.
Objective function A = max (income − operating costs)
Another part of the objective function is developed based on the soft constraints. The objective function B is defined as the penalty cost associated with the conflict resolution strategy.
The rescheduling process addresses some unexpected incidents. Generally, the quality of the rescheduled plans is measured by the difference between two plans (DBP). That is, the rescheduled plans are better if they are less changed. Since x ijmln is the global decision variable, the shifts in plans are measured as in Eq. (24):
where x ijmln (org) represents the original separate plans, and x ijmln (new) are the rescheduled ones.
In conclusion, the objective function of the rescheduling model is denoted by Eq. (25) . Here, we implement several soft parameters into the objective.
Objective function = max(α×A−β × B)−γ ×DBP (24)
IV. SOLUTION ALGORITHM
GA searches for solutions directly and does not rely on the special characteristics of problems. Its effectiveness in solving a variety of real-world issues, e.g., integrated scheduling of production and rail transportation [35] , timetable rescheduling problems [34] , vehicle routing problems [36] , resource allocation optimization [37] , [38] and network design problems [39] , have been proved. The procedure for GA in this paper follows the general procedure and is shown as follows.
(1) Generate a certain number of chromosomes randomly. For our problem, GA uses the real-number encoding. To improve calculation efficiency, infeasible information in initial populations must be excluded. For example, the i = a producer could not have the ability to produce the m = b type of cargo. Therefore, the element at the x ab = 0 must be set to ''0''. To expand the coverage and feasibility of the initial population, the initial populations are randomly generated iteratively, and the infeasible information in the initial populations should be excluded. Thus, the generalization capability of the genetic algorithm is further improved.
(2) Two important operations in GA are the crossover and mutation operations, which are shown in Fig. 5 . Crossover operates on two chromosomes at a time and generates two offspring combining the parents' features. An arithmetic crossover process is demonstrated in Eq. (25) and Eq. (26) .
The mutation operator is used to generate a new but similar sequence. The main purpose of applying mutation is to avoid VOLUME 7, 2019 FIGURE 5. Flow of the GA process.
convergence to a local optimum and diversify the population. A nonuniform mutation process is demonstrated in Eq. (27) and Eq. (28) . Once the change of the new solutions is infeasible, the GA will remove them and regenerate.
3) The termination of the GA is the last basic issue. In this paper, if iterations reach the preset number, the GA will terminate the computational process.
V. DISCUSSION IN A TEST NETWORK
To verify the proposed model and algorithm, we design a simple network with 2 producers ( 1 & 2 ) and 2 distributors ( 11 & 12 ) as shown in Fig. 6 . The sequence number, length, capacity and transportation cost between two consecutive nodes are marked on each segment. There are 2 kinds of products and 2 classes for the distributor. Twelve available paths join producers and distributors as shown in Table 1 .
A. PARAMETER SETTING
The respective plans from producers and distributors are given in Table 2 .
represents the upper bound of each plan, and represents the lower bound. ] . For example, the information listed in the second row represents that the submitted production plan from producer i for type m is 40. The maximum value listed in the fifth column is the maximal capacity of each producer or distributor, e.g., T im = 50 is the maximum productive capacity for producer i, type m.
The fixed production cost in this experiment is set to be 5000 for each production department. The variable cost for two kinds of production are RMB124 and RMB141 per ton. The distribution cost is set to be RMB 5 per ton. The price p jmn is listed in Table 3 .
B. OBJECTIVE ANALYSIS
The different objectives cannot be simply combined together because they have different units. For example, the unit of objective A is money, and the unit of objective B is number. Our approach is to combine these two aspects together to make any transfer. Moreover, α and β are weight coefficients of each subobjective function. They are used to balance the magnitude of each subobjective function.
We refer to the analysis method for the magnitude of the coefficients of each subobjective function in Kang et al. [34] and find that objective A's order of magnitude is 100 times more than objective B's. We know that the model maximizes economic benefit by adjusting the soft constraints according to the conflict resolution strategy. When the order of magnitude of objective A drops to the same level as that of the soft constraints, changing the soft constraints in boundaries will not influence the optimal economic benefit. The tendency is verified in Fig. 8 .
We test different β values when α is fixed to 1. When β ≥ 100, the objective function is stable at 2.95 e+04 and 4.4 e+03, and the hard constraint value is almost 0. Thus, the experiments are tested with α : β = 1 : 100.
C. SCHEDULING RESULTS
The experiment is tested on a personal computer with an Intel Core i5, 2.60 GHz CPU and 4 GB RAM. The population size, crossover fraction, mutation rate and GA generation are set to be 100, 0.95, 0.10 and 500, respectively. The key parameters β and γ are all set to be 100. Table 4 shows the optimized solution produced by the model and GA for the sample network. The quality of the coordinating schedule is controlled by the objective functions A and B. It can be seen that the total product has been optimized to 150. The outputs are 75 and 75 for each producer. We need to revisit Eq. (1) to provide some explanation. The network outflow capacity is 200, which can be calculated by accumulating the capacity of segments 1 to 4. The network inflow capacity is just 150, which can be calculated by accumulating the capacity of segments 9 to 13. To comply with the capacity constraint strictly, the separate plans from the producers will be decreased compared with their maximum values, which are listed in the second line and fourth line in Table 2 . The adjustment sizes are determined by the objective function B, as displayed in the sixth and seventh column in Table 4 . The results of GA are compared with other algorithms, such as the GA and simulated annealing combination and particle swarm optimization. GA, GASA and PSO can obtain similar results, but the CPU time is different. It costs GA 35 s to obtain an optimal solution. However, GASA and PSO cost approximately 161 s and 32 s. Fig. 7 (a) and (b) depict the objective value vs iterations and the required time of each algorithm to obtain the best solution, where the x-axis represents the corresponding iterative generations and computational time, respectively, and the y-axis represents the objective function. Clearly, GA is more efficient than the others.
D. EFFECT OF LIMITING PRODUCTION
In this section, we analyze the experiment under the condition of limiting production to determine the effect on the rescheduling process. First, the limiting scale of producer 1 (i = 1) is approximately 30 * 10 4 tons. In this situation, the optimal results of the rescheduled process are created by the model and GA, which are shown in Table 5 . In our experiment, only two producers exist, and x i=2 increases by 17.3% within its range bound, and x i=1 is set to 45. As mentioned previously, DBP is another key factor in rescheduling process. Therefore, x jn and x jmn are controlled to be as close to the original plan as possible. Considering the above two aspects, the model obtains the rescheduling results. It is worth noting x j=1,n=2 and x j=2,n=2 are the same as the original plans because the price for n = 2 is higher than that for n = 1; therefore, we expect to reduce the supply to the low-margin distributor to achieve balance in the network.
The analysis of the rescheduled plans is given in Table 6 . It is clear that GA improves the objective function from VOLUME 7, 2019 1.54e+04 to 1.71e+04 in comparison with the 30 * 10 4 tons limitation of the scheduled plan. In contrast, a larger DBP from 30 * 10 4 tons to 44 * 10 4 tons is obtained to weaken the loss of economic benefits due to limiting production. Similarly, the soft constraints have been increased from 3.2e+03 to 9.1e+03.
E. PENALTY PARAMETERS OF β AND γ
The penalty value of the rescheduling behavior is set to be −γ here, and an extra cost that is developed based on the soft constraints is measured in −β. Different magnitudes of two penalty parameters may result in different solutions. In this experiment, the values of β and γ are changed from 0 to 200 to determine their effect on the solutions, as shown in Fig. 8 . The upper surface depicts the relationship between parameter β with the objective function B. The model has a relatively higher B function when β → 0. When we increase penalty β from 0 to 200, the value of the objective function B decreases from 3.49e+04 to 2.85e+04.
The other surface reflects the rescheduling results affected by β and γ . It can be seen that the rescheduling objective is 3.39e+04 when β = 0 and γ = 0. It is slightly less than 3.49e+04 that is attributed to objective A. That is because the total maximum production capacity of two producers is just 45 + 100 = 145 in the production situation with a limit of 30. According to the demand shown in Table 4 , production cannot meet all the requirements, that is, 45 + 100 < 40 + 42 + 28 + 40. When γ increases from 0 to 200, the objective value reduces constantly. When β = 200 and γ = 200, the objective value is just 3.33e+03. 
VI. A PRACTICAL APPLICATION OF THE WORK A. NETWORK DESCRIPTION
Shenhua Group is the largest coal company in China, and its integrated operation mode has created a unique pattern. A number of partners are involved in it, including coal, power, railways, ports, and shipping. However, the coordination problem has become increasingly more urgent since ever-increasing conflicts between the separate plans appear in practice. To evaluate the proposed model and GA approach, we use Shenhua Group as a case study.
As shown in Fig. 9 , the core assets of Shenhua Group include 6 coal producers located in Shanxi province, 4 self-owned railway lines running through the east and west, 2 self-owned ports named Huanghua Port and Tianjin Coal Dock, and several self-owned power facilities acting as distributors. In addition to this, other social ports and power facilities in regions of the east coast are also the distributors. The relevant parameters in the model are listed in Table 7 , 8 and 9. β = 125, and γ = 100. The results obtained in practice are displayed in Fig. 10 . The network structure in Fig. 10 is depicted with the simple diagrams of Fig. 9 .
B. ANALYSIS OF HARD CONSTRAINTS, SOFT CONSTRAINTS AND DBP
The corresponding rescheduling plans may have a low level of economic benefit when we only consider the hard constraints. In contrast, the soft constraints and DBP can improve the quality of rescheduling plans based on the hard constraints. We used parameters β and γ to implement the soft constraints and DBP with the ''objective A'' together. In the scheduling process, the model minimizes the objective functions A and B by adjusting the submitted separate plans. In the rescheduling process, the model minimizes the difference between the scheduling plans and rescheduling ones. Table 10 shows the impact of β and γ on the solutions. Different values of γ are tested with a fixed value of β(β = 125). As seen in the scheduling process, the soft constraints and objective value jump to 1.3e+005 and 9.5e+004, respectively, regardless of any γ value. Therefore, the development of γ will not have any impact on the scheduling process. As seen in Fig. 11 , GA terminates after 500 generations. The figure shows generations from 20 to 500. However, operation managers can terminate the program at approximately 400 generations when they have to make decisions in real world because the improvement of the solution is within 1.7% of the improvement with more iteration. Moreover, terminating GA at 400 generations can reduce the execution time by 20%.
C. RESCHEDULING UNDER A PRODUCTION LIMITATION
A coal limitation production policy will directly influence the economic benefits of the enterprise, and preparation for the negative effects of a limited production policy should be made. However, there is no exact method to determine the magnitude of the policy. Testing the policy step by step is a conservative approach. Here, the level of limited production in Table 11 indicates that the production units cannot carry out the original plan. Therefore, it means the revised maximum production capacity is enacted. For example, the 15% value in Table 11 means the production capacity of each unit will cut 15% of its original capacity. We choose the limitation magnitude at 0 to 0.4.
When a limited production policy occurs, one of the most urgent tasks is eliminating the negative effects and guaranteeing steady operations. Therefore, DBP is as important as soft constraints in the rescheduling process. The order of magnitude of DBP needs to remain at a similar level to the soft constraints. Thus, we set β = 125 and γ = 100 in the test.
When the limitation magnitude is 0%, the rescheduling process is equivalent to the scheduling process. There is a large gap between production and distribution processes, so the soft constraints reach 1.29e+005 to coordinate these processes to maximize the objective. A 10%-limitation policy has a small effect on the original plan since the production has a certain reserve capacity to neutralize the effect of the policy. Moreover, 15%-limitation, 20%-limitation and 25%-limitation policies are similar. Therefore, the cases for which the limitation increases are of particular interest to us. We increase the limitation to 30% and resolve the model. As Table 11 shows, the objective value reduces and the soft constraints and DBP will increase. Then, we continue to increase the limitation to 40%. As a result, the soft constraints increase to 8.38e+004, and DBP is 2.85e+004.
VII. CONCLUSION
The rescheduling problem has increasingly become more crucial for production and distribution systems since conflicts and unexpected incidents commonly exist. The contribution of this paper is developing a rescheduling model based on hard and soft constraints and DBP. Our model can reschedule the separate plans to handle conflicts and a limited production policy by adjusting the original plans as little as possible.
We compare GA with the problem's upper and lower bounds that capture a global solution. However, retrieving a feasible solution in a shorter time is another challenge encountered in the algorithms. Therefore, improvements to GA could be considered in future research.
In addition, the hard constraints, soft constraints and difference in plans can be realized as a multiobjective optimization programming problem. Such multiobjective functions are transformed into a single objective function by associating each objective with a coefficient. In this way, different magnitudes of coefficients are tested step-by-step to analyze the effects on solutions.
